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List of Abbreviations 
AFM Atomic force microscope 
COBL2 COBRA-LIKE 2 
CESA CELLULOSE SYNTHASE A 
CTL1 CHITINASE-LIKE 1 
DMSO Dimethyl sulfoxide 
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In land plants, cell walls are composed of cellulose microfibril and matrix polysaccharides such 
as hemicellulose and pectin, and their components form a complex supermolecular network 
structure. A number of studies on the synthesis process of cell wall components have been reported. 
For example, cellulose microfibril is synthesized from plasma membrane-localized cellulose 
synthase complex. However, how the supermolecular network is constructed are largely unknown. 
In this study, to clarify the construction mechanisms of the cell wall network, I designed a new 
imaging technique to quantitatively evaluate the configuration of cellulose fibrils during cell wall 
regeneration in protoplasts derived from rosette leaves of Arabidopsis thaliana. 
 
Results and Discussion 
 




Confocal laser scanning microscopic observation using Calcofluor, a dye specific to β-glucans 
enabled to visualize the fine cellulose fibrils regenerating from protoplasts. During the 36-h 
incubation, cellulose fibrils spread over the entire surface of the protoplast and fluorescent 
intensity of these fibrils became increased in a time-dependent manner. These results indicate that 
the resolution of the confocal image is sufficient to visualize the fine structure of the cellulose 
fibrils. As the incubation proceeded, a portion of protoplasts elongated and became either oval in 
shape or deformed and bud-shaped, indicating that the nascent cell wall had begun to acquire the 
mechanical property to determine cell shape. 
To quantitatively evaluate the changes in configuration of cellulose fibrils, I utilized an 
image analysis technique. Total length, an indicator of the geometric spread of cellulose fibrils 
regenerated on the protoplasts, increased during incubation. Mean intensity, which reflects the 
brightness of Calcofluor signals, also increased. These results are consistent with our visual 
impression. Skewness of intensity distribution, which is used as an indicator of cytoskeletal 
bundling, decreased during incubation. Parallelness (variance of cellulose orientation) and average 
 5 
angle (cellulose orientation) in oval-shaped protoplasts decreased during incubation, particularly 
the mean angle decreased to as low as 45 degrees. These results indicate that the orientation of 
cellulose fibrils diverge from transverse to random orientation in oval shaped protoplasts. 
 
Verification of image analysis using drugs that affect microtubule organization 
 
Because cortical microtubules guide the insertion of Cellulose synthase complexes into the plasma 
membrane, thereby directing the normal orientation of cellulose microfibrils, disruption of 
microtubule organization by drugs is suitable to verify the biological significance of these metrics. 
Oryzalin (inhibitor of microtubule polymerization) inhibited the spread of cellulose fibrils during 
18-h incubation period, and this was confirmed by measuring the total length of cellulose fibrils. 
Morphological change from spherical to the oval shape of protoplasts were also inhibited by 
Oryzalin treatment. The average angle of cellulose fibrils in oval-shaped protoplasts at 24-h 
incubation period was significantly smaller in Oryzalin-treated protoplasts than the control. 
 By Taxol (microtubule-stabilizing agent) treatment, extensively bundled cellulose fibrils, 
which were predominantly colocalized to bundled cortical microtubules, were generated during 
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cell wall regeneration. The increase in total length that occurred during cell wall regeneration was 
drastically reduced by Taxol treatment. Skewness of intensity distribution, which decreased during 
a 36-h incubation, was higher in Taxol treatment than in control, suggesting that the skewness of 
intensity distribution is a useful parameter for quantitative evaluation of bundling of cellulose 
fibrils. 
 
Identification of xxt1xxt2 and ctl1, mutants showing abnormality in cellulose fibril 
construction 
Screen for factors involved in construction of cellulose fibrils using total length value identified 
xyloglucan xylosyltransferase 1 and 2 double mutant (xxt1xxt2) and chitinase-like 1 (ctl1). Both 
of these mutants showed low total length value, suggesting that construction of cellulose fibrils is 
slow in these mutants. Blurring network was observed in 24-h incubated xxt1xxt2 protoplasts. This 







Plant cell walls 
 
Land plants evolved around 450 million years ago from charophyte algae, and simultaneously, 
they evolved unique cell walls that can withstand the severe environments such as gravity and 
drying (Harholt et al., 2016). Cell walls of land plants not only provide mechanical strength to 
support the plant body but also play a variety of roles such as cell division, cell expansion, and 
defense response to biotic and abiotic stress. Cell walls are classified into two types based on the 
developmental stage, the primary cell wall and the secondary cell wall. The primary cell wall is a 
viscoelastic polymer formed during growing phase of the cell, and the combination of its flexibility 
and strength is important for regulation of cell growth (Cosgrove, 2014a). The secondary cell wall 
is formed after the cessation of cell growth, and is formed in specialized plant cell types such as 
xylem and interfascicular fiber. The secondary cell wall is required for water transport and support 
of the plant body (Kumar et al., 2016). In this study, I focused on the primary cell wall of land 
plants. 
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 The primary cell wall is a complex supermolecular network composed of cellulose 
microfibrils, matrix polysaccharides such as xyloglucan and pectin, and structural proteins. For a 
long time, “Tethered network model” has been widely accepted. This model is that many 
xyloglucans are crosslinked between cellulose microfibrils and pectins are embedded in the gap. 
(Carpita and Gibeaut, 1993, Nishitani, 1997) (Figure 1a). Currently, this traditional model is 
replaced by “biomechanical hotspots model”, which is that xyloglucans are closely intertwined 
with cellulose at limited sites called hotspots (Cosgrove, 2014b, Park and Cosgrove, 2015) (Figure 
1b). However, the both models are still hypothetical and detailed molecular network structure of 
primary cell wall is still controversial. 
 
 
Structure and synthesis of Cellulose microfibril 
 
In land plants, the main component of the cell wall is cellulose microfibril, which is composed of 
a plurality of β-1,4-linked glucans, and is synthesized by plasma membrane-localized cellulose 
synthase complex called rosettes (Kimura et al., 1999, McFarlane et al., 2014). The diameter of 
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cellulose microfibril is approximately 3 - 4 nm (Zhang et al., 2014, Zhang et al., 2016). 
Charophytes, which is the closest algae to the land plants, have cellulose microfibril with diameters 
similar to those of land plants, whereas in chloroophyta and other algae, the shape of cellulose 
synthase complex and the diameter of cellulose microfibirls are quite different from those of land 
plants (Tsekos, 1999, Niklas, 2004). This implies that land plants independently acquired the 
biosynthesis systems of cellulose microfibrils in the course of evolution. In traditional 
interpretation, cellulose microfibril of land plants is estimated to be composed of 36 glucan chains 
based on the consideration that the cellulose synthase complex contains 36 cellulose synthases 
(CESAs) and each CESA produces an individual glucan chain to apoplast (Somerville et al., 2004, 
Cosgrove, 2005). Based on the latest stoichiometry and the combination of x-ray diffraction, solid-
state nuclear magnetic resonance, and computational modeling technologies for understanding the 
structure of cellulose synthase complex, it is proposed that the cellulose synthase complex contains 
18 CESAs, and thus cellulose microfibril is composed of 18 glucan chains (Newman et al., 2013, 
Thomas et al., 2013, Hill et al., 2014, Oehme et al., 2015, Vandavasi et al., 2015). 
The synthesis process of cellulose microfibril consists of two steps: synthesis ofβ-1,4-
linked glucans, and crystallization of synthesized these glucans. As described above, the cellulose 
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synthase complex composed of multiple CESAs is required for synthesis ofβ-1,4-linked-glucans. 
Vascular plants have multiple CESA isoforms. For example, Arabidopsis thaliana has 10 isoforms, 
and CESA1, 3, and 6 are required for synthesis of the primary cell wall (Persson et al., 2007). β
-1,4-linked glucans synthesized by the cellulose synthase complex are immediately crystalized to 
form the cellulose microfibril. The molecular mechanisms of crystallization are not well 
understood. Some mutants with reduced amount of crystalline cellulose such as korrigan, cobra, 
kobito, and chitinase-like1 have been identified (Schindelman et al., 2001, Pagant et al., 2002, 
Sanchez-Rodriguez et al., 2012, Lei et al., 2014). These factors may be involved in the 




Function of oriented cellulose microfibrils 
 
One of the typical functions of the primary cell wall is to regulate the plant cell growth. The 
orientation of cellulose microfibrils is important in determining the direction of cell elongation 
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and leading the cells to a tissue specific shape. For example, cellulose microfibrils of innermost 
layer of the cell wall in Arabidopsis thaliana root cells at cell division zone and cell elongation 
zone are oriented transversely to the growth axis (Sugimoto et al., 2000). Mechanical strength 
resulting from this orientation causes the cell elongation in longitudinal direction (Baskin, 2005, 
Cosgrove, 2014a). Orientation of cellulose microfibrils are regulated by cortical microtubules. 
cellulose synthase complexes move along the transversely oriented cortical microtubules, and as 
a result, transversely oriented network of cellulose microfibrils are constructed (Paredez et al., 
2006). Factors that bind both cellulose synthase complex and cortical microtubule have also been 
identified (Gu et al., 2010, Li et al., 2012, Endler et al., 2015). Therefore, orientation of cellulose 
microfibrils regulated cortical microtubules is an important factor affecting the physical properties 
of the primary cell wall. 
 
 
Formation of cellulose fibril 
 
 It has been observed that cellulose microfibrils often exist as bundles (i.e., cellulose 
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fibril) (Anderson et al., 2010, Zhang et al., 2014, Zhang et al., 2016). Molecular mechanisms of 
cellulose fibril formation are largely unknown. Since the placement and density of cellulose 
synthase complexes are controlled by insertion and recovery between plasma membrane and small 
CESA-containing compartments/microtubule-associated cellulose synthase compartment 
(SmaCCs/MASCs) via cortical microtubules (Crowell et al., 2009, Gutierrez et al., 2009), 
bundling of cellulose microfibrils might be promoted by the densely inserted cellulose synthase 
complexes performed via cortical microtubules.  
Primary cell wall also contains matrix polysaccharides such as xyloglucan and pectin. 
Especially, xyloglucan has a property of closely binding to cellulose microfibrils by hydrogen 
bonding (Carpita and Gibeaut, 1993). Arabidopsis thaliana xyloglucan xylosyltransferase 1 and 2 
double mutant (xxt1xxt2), which lacks detectable xyloglucan, has different cellulose network 
pattern compared to that of wild type (Anderson et al., 2010, Xiao et al., 2016). It has been 
proposed that another matrix polysaccharide, pectin also adheres extensively to cellulose 
microfibrils (Dick-Perez et al., 2011, Wang et al., 2015). These matrix polysaccharides may 
promote the formation of cellulose fibrils by bonding between cellulose microfibrils. Although the 
evidence is still limited, it is likely that the bundling of cellulose microfibrils affects the mechanical 
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properties of the primary cell wall as well as the regulation of cellulose orientation. 
 
 
Cell wall regeneration from protoplasts 
In order to unravel the molecular mechanisms of cellulose network construction containing 
synthesis and crystallization of β-1,4-linked glucans, regulation of cellulose orientation, and 
bundling of cellulose microfibrils as described above, it is necessary to visualize the newly formed 
cellulose network. Observation of cell wall regeneration from protoplasts is a unique experimental 
system to analyze the de novo construction process of the cellulose network. Protoplasts, which is 
made by enzymatically degradation of the pre-existing cell wall, are suitable for observing the 
newly synthesizing cell wall. Since regeneration of whole plants from protoplasts was realized by 
Nagata and Takebe (1971), a number of studies on cell wall regeneration from protoplasts have 
been performed. These studies mainly focused on biochemical analysis, fluorescence imaging with 
a few dyes specific toβ-glucans, ultrastructural study using electron microscopy and atomic force 
microscopy (AFM), and omics analysis. Each of these approaches has both advantages and 
disadvantages.  
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Biochemical analysis can analyze the types and the amounts of polysaccharides 
constituting the cell wall. In previous reports, changes in the amounts of cellulose, callose, and 
matrix polysaccharides have been analyzed during the cell wall regeneration process from 
protoplasts (Klein et al., 1981, Hayashi et al., 1986, Shea et al., 1989). However, the results 
obtained from these experiments were varied depending on the plant species and/or cell types. In 
addition, visual information of the detected polysaccharides is not obtained.  
To obtain the visual information during cell wall regeneration, electron microscope 
imaging and fluorescence imaging of the cell wall regeneration process had been employed. The 
electron microscope is capable of visualizing cellulose microfibrils regenerating from protoplast 
on the nanometer scale (Burgess et al., 1978, Burgess and Linstead, 1979, Willison and Klein, 
1982). However, this method has a disadvantage in that pre-treatment such as fixation and 
dehydration may cause artifacts in the patterns of the cell wall structure. In particular, since the 
nascent cellulose microfibrils regenerated from protoplasts are fragile and may be easily broken 
(Burgess and Linstead, 1979), these results were not accepted as direct evidence of regenerating 
cell wall structure.  
On the other hand, fluorescence imaging of the cell wall regeneration process using a 
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fluorescence microscope has advantages in that makes it possible to visualize the regenerated cell 
wall of living protoplasts directly without pre-treatment such as fixation and dehydration, and can 
observe the entire surface of a cell comprehensively. The disadvantage of the fluorescence method 
is that the resolution is not high enough to observe the cell wall structure in detail, and that it lacks 
a technique to quantitatively interpret the image data (Nagata and Takebe, 1970, van Amstel and 
Kengen, 1996, Fisher and Cyr, 1998). Therefore, technical progresses are needed to analyze the 
construction process of the cell wall using florescence imaging. In the past 10 years, image analysis 
systems for quantitatively analyzing the features of line structure have been developed, and this 
technique is used to quantify the bundling and orientation of cytoskeletons (Yoneda et al., 2007, 
Higaki et al., 2010, Ueda et al., 2010, Kimata et al., 2016). This technique will also be applicable 
to the quantitative analysis of cellulose network. 
Analysis of cell wall regeneration process from protoplasts has been performed in 
various kinds of plant species (tobacco, pea, soy bean, carrot etc…), but Arabidopsis thaliana has 
not been frequently used for the cell wall regeneration studies, despite its usefulness as the model 
plant. This is partially because plant regeneration from Arabidopsis protoplasts is still technically 
challenging (Masson and Paszkowski, 1992, Dovzhenko et al., 2003), although more efficient 
 16 
condition for plant regeneration from Arabidopsis mesophyll protoplasts was reported recently 
(Chupeau et al., 2013). Meanwhile, transcriptomics and proteomics of the cell wall regeneration 
process using Arabidopsis thaliana has been performed (Kwon et al., 2005, Chupeau et al., 2013), 
suggesting that the preparation for reverse genetics analysis using Arabidopsis thaliana are being 
ready. In order to utilize these information, a new experimental system for quantitatively analyzing 
cell wall regeneration process using Arabidopsis protoplasts is required. 
 
 
Aim of this study 
 
In this study, therefore, I intended to develop a new imaging technique for quantitative evaluation 
of the configuration of cellulose network during cell wall regeneration in protoplasts derived from 
rosette leaves of Arabidopsis thaliana. For this purpose, I coupled a conventional technique for 
cellulose fluorescence staining (Nagata and Takebe, 1970, Hayashi et al., 1986, Shea et al., 1989, 
Fisher and Cyr, 1998) with an image analysis technique used to quantitatively evaluate the 
configuration of the cytoskeleton (Yoneda et al., 2007, Higaki et al., 2010, Ueda et al., 2010, 
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Kimata et al., 2016), and I successfully characterized the network patterns of nascent cellulose 
fibrils regenerated from protoplasts in a quantitative manner. I also examined the effects of 
Oryzalin and Taxol, a destabilizer and stabilizer of microtubules, respectively, on configuration of 
cellulose network during cell wall regeneration as a proof-of-concept study. Furthermore, I 
combined this method with a reverse genetics approach to identify factors involved in the 
















Arabidopsis thaliana (L.) Heynh. ecotype Col-0 was used as the wild type. To visualize cortical 
microtubules, UBQ10::GFP-TUB6 in the Col-0 ecotype was used ((Nakamura et al., 2004). All 
T-DNA insertion mutants were obtained from the TAIR (https://www.arabidopsis.org) except for 
xxt1xxt2 (Cavalier et al., 2008) and mur3 (Madson et al., 2003). In all experiments, seeds were 
sown on Rockwool blocks (Grodan, Rockwool B.V.) moistened with MGRL medium (Tsukaya et 
al., 1991) and grown under continuous light (60–70 µmol m-2s-1) at 22°C in a growth chamber. 
 
 
Preparation and Incubation of protoplasts 
 
Protoplasts were isolated according to Yoo et al. (2007) with some modifications. Expanded 
rosette leaves were detached from 20-day-old Arabidopsis thaliana plants and sterilized by 
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immersion in 70% ethanol for 30 sec and 4% (v/v) sodium hypochlorite solution for 30 sec, 
followed by two washes in 0.45 M mannitol solution. Sterilized leaves were cut into strips and 
immersed in 15 ml of enzyme solution (1% Cellulase R10 and 0.4% Macerozyme R10 [Yakult 
Pharmaceutical Ind. Co. Japan], 0.45 M mannitol, 20 mM KCl, 10 mM of CaCl2, and 20 mM 2-
Morpholinoethanesulfonic acid [MES]; pH 5.7) in a Petri dish (9 cm diameter). To infiltrate cut 
leaves to the enzyme solution, this Petri dish was vacuumed for 10 min, followed by incubation 
for 5 h at room temperature and atmospheric pressure. After the incubation, protoplasts were 
released from the tissue specimen by gentle shaking, and an equal volume of W5 solution (2 mM 
MES, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl; pH 5.7) was added to suspend the protoplasts. 
The protoplasts were filtered through 100 µm and 50 µm nylon meshes to remove large tissue 
debris, collected by centrifugation at 100× g for 2 min, re-suspended in W5 solution, and collected 
again by centrifugation. The protoplasts were re-suspended in regeneration medium (Gamborg’s 
B-5 basal medium with minimal organics [SIGMA], 0.4 M trehalose, 0.05 M glucose, and 1 µM 
3-naphthalene acetic acid; pH 5.7) and incubated in continuous light (60–70 µmol m-2 s-1) at 22°C 
to regenerate cell walls. For the pharmacological analysis, 10 µM Oryzalin as microtubule 
polymerization inhibitor, 10 µM Taxol as microtubule de-polymerization inhibitor, or 0.3 µM 
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isoxaben as cellulose synthesis inhibitor dissolved in 0.01% DMSO was added to the regeneration 
medium; 0.01% DMSO was used as a control. 
 
 
Protoplast staining and image acquisition for cellulose fibrils 
 
Protoplasts at various stages of cell wall regeneration were stained with 0.001% Calcofluor 
(SIGMA) for 5 min or with 0.03% Direct Red 23 (the same dye as Pontamine Fast Scarlet 4 BS 
(S4B)) (SIGMA) for 30 min. For callose staining, protoplasts were transferred to 0.05% aniline 
blue solution (0.05% aniline blue, 0.1M K2HPO4, 0.4M trehalose; pH8.7). Images were acquired 
under a confocal laser scanning microscope (FV-1000-D, Olympus) using laser beam lines of 405 
nm for Calcofluor or aniline blue, 473 nm for GFP-TUB6, or 559 nm for S4B. Serial optical 






Maximum intensity projection (MIP) images were obtained from the serial optical sectional 
images and skeletonized using ImageJ plug-ins: LpxLineExtract, which is invoked by 
Lpx_Filter2d plug-ins (filter = lineFilters, linemode = lineExtract) in the LPixel ImageJ plugins 
package (available for free at https://lpixel.net/services/research/lpixel-imagej-plugins/). The 
parameters were as follows: giwsIter = 8, mdnmsLen = 7, pickup = above, shaveLen = 5, delLen 
= 5. In measurements of total length, mean intensity, parallelness, and average angle, the 
skeletonized images were masked with intensity thresholding and manual segmentation of the 
target protoplast regions. In measurement of skewness of intensity distribution, the skeletonized 
images were masked with manual segmentation of the target protoplast regions without intensity 
thresholding. The masked skeletonized images were used to measure metrics that quantitatively 
evaluate the configurations of the cellulose network as described below. 
To quantitatively evaluate the spread of the cellulose fibrils, the number of pixels 
constituting the cellulose fibrils (𝑁"#$$%$&'#) was measured and converted to millimeters (mm) of 
total length. The mean fluorescent intensity of the skeletonized cellulose pixels (𝑖) was measured 
to evaluate the brightness of Calcofluor signals. 
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To estimate the bundling configuration of cellulose fibrils, I measured skewness (S) of 





















, where S increases as the shift and skews the intensity distribution to the left on the horizontal 
axis, which indicates the fluorescence intensities (Higaki et al., 2010). 
 To estimate cellulose orientation, the angular difference between the mean angle of 
cellulose microfibrils and the long axis (∆𝜃) of the cell was measured to represent the average 
angle, basically as described (Kimata et al., 2016). ∆𝜃 was defined as 
∆𝜃 =
𝜃>?&@&>$A'@ − 𝜃"#$$%$&'# 															𝑖𝑓	 𝜃>?&@&>$A'@ − 𝜃"#$$%$&'# ≤ 90
𝜃>?&@&>$A'@ − 𝜃"#$$%$&'# − 90				𝑖𝑓	 𝜃>?&@&>$A'@ − 𝜃"#$$%$&'# > 90
 
where 𝜃>?&@&>$A'@ and 𝜃"#$$%$&'# are the angles of the major axis of the protoplast fit to an ellipse 
and the mean angle of the skeletonized cellulose microfibril, respectively. 
 To estimate the variance of cellulose orientation, the parallelness of cellulose 




𝑛J − 𝑛KJ + 𝑛MN − 𝑛;1N
𝑛J + 𝑛MN + 𝑛KJ + 𝑛;1N
 
where 𝑛J, 𝑛MN, 𝑛KJ, and 𝑛;1N are the number of pixel pairs that form 0, 45, 90, and 135° angles, 
respectively. 
 All measurements were performed using ImageJ plug-ins: LpxLineFeature, which is 
invoked by Lpx_Filter2d plug-ins (filter = lineFilters, linemode = lineFeature) in the LPixel 
ImageJ plugins package. 𝑁"#$$%$&'# ,	𝑖 , 𝜃"#$$%$&'# , 𝑃 , and	S were measured as i_nPix, i_mean, 
a_avgTheta, a_normAvgRad, and i_skewness by LpxLineFeature. 𝜃>?&@&>$A'@ was measured from 
manually segmented protoplast images using ImageJ-Analyze-Measure. 
 
 
RNA extraction and Microarray analysis 
 
Total RNA was extracted from protoplasts incubated for 0 and 12 h using a Qiagen RNeasy plant 
mini kit (Qiagen Japan, Tokyo, Japan). Total RNA was treated with TURBO DNase (Ambion 
Japan, Tokyo, Japan). One-color microarray analysis was performed using Arabidopsis origo DNA 
microarray V4.0 (Agilent Technologies, Inc., Santa Clara, CA, USA) with gene analysis 
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Protoplasts were incubated in blocking solution (0.1% MES, 0.45M trehalose and 1% TSA 
blocking reagent (Molecular Probes); pH5.8) for 30 min in darkness. Remove the blocking 
solution, and protoplasts were incubated with primary antibodies, which contain either LM15 or 
JIM5 diluted 1/10 (v/v) and CBM3a diluted 1/100 (v/v) in blocking solution for 2 h in darkness. 
Protoplasts were then washed in wash medium (0.1% MES containing 0.45M trehalose; pH 5.8) 
three times, and incubated with rabbit anti-His-tag polyclonal antibody (Medical and Biological 
Laboratories Co., LTD.) diluted 1/100 (v/v) in blocking solution for 2 h in darkness. Protoplasts 
were then washed in wash medium three times, and incubated with anti-rat IgG Alexa Flour 488 
and anti-rabbit IgG Alexa Fluor 594 diluted 1/50 (v/v) in blocking solution for 2 h in darkness. 
Protoplasts were then washed in wash medium three times, and images were acquired using 
confocal laser scanning microscopy (FV-1000-D, Olympus). In this study, LM15, JIM5, and 
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Visualization of cellulose fibrils during cell wall regeneration 
 
Calcofluor/Celluflor (Nagata and Takebe, 1970, Hayashi et al., 1986, Shea et al., 1989, Fisher and 
Cyr, 1998) and Pontamine Fast Scarlet 4 BS (S4B) (Anderson et al., 2010, Peng et al., 2013, Xiao 
et al., 2016) are often used for fluorescent staining of cellulose. In this study, I chose Calcofluor 
because clear fluorescent images of cellulose without autofluorescence signals of chlorophyll were 
obtained using this dye compared with S4B in protoplasts incubated for 24 h (Figure 2). 
 Callose (β-1,3-glucans) is sometimes observed on the surface of protoplasts  (van 
Amstel and Kengen, 1996). To ensure that callose signals were detected by the Calcofluor staining 
in this study, I stained protoplasts with Aniline blue, which is a fluorescence dye specific forβ-
1,3-glucans, and compared the Aniline blue-staining pattern with the Calcofluor staining pattern. 
No fibril-shaped fluorescent signals were observed in the cell wall-regenerating protoplasts when 
they were stained with Aniline blue, but dot-like signals were sometimes observed within 24 h 
(Figure 2, Arrowheads in Aniline blue). These dot-like signals were distinct from the fibril-shaped 
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signals and were observed in Calcofluor-stained protoplasts (Figure2, Arrowheads in Calcofluor). 
This result indicates that callose is detected as a dot-shaped signal, which can be readily 
distinguished from the fibrous signals of cellulose. 
 To further confirm the specific binding of Calcofluor to nascent cellulose, protoplasts 
were incubated for 24 h in the presence or absence of isoxaben, a potent inhibitor of cellulose 
synthesis (Tateno et al., 2016), and stained with Calcofluor. Little fluorescence was detected in the 
around of protoplasts in the presence of isoxaben (Figure 3), indicating that fluorescence images 
detected by Calocofluor staining represent the regenerated cellulose fibrils. 
 During the 12- to 36-h incubation period, the cellulose fibrils spread over the entire 
surface of the protoplast, and fluorescent intensity of these fibrils became increased in a time-
dependent manner (Figure 4a). Each fibril consisted of bundles of thin fibrils (Figure 4a; 
arrowheads). This result indicates that the resolution of the confocal image is sufficient to visualize 
the fine structure of the cellulose fibrils. 
 As the incubation proceeded, a portion of protoplasts elongated and became either oval 
in shape (aspect ratio >1.05) or deformed and bud-shaped (Figure 4b). The morphology of 
approximately 80% of the protoplsts changed during the 36-h incubation period (Figure 4c). Given 
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that the mechanical property of cell wall determines the cell shape in plants, this result indicates 
that the nascent cell wall had begun to acquire the mechanical property to determine cell shape 
within 12 h of incubation in this condition. 
 
 
Quantification of image data for the cellulose fibrils 
 
To quantitatively evaluate the changes in configuration of cellulose fibrils, I performed an image 
analysis technique that has successfully been used to quantify the configuration of the cytoskeleton 
(Yoneda et al., 2007, Higaki et al., 2010, Ueda et al., 2010, Kimata et al., 2016). MIP images, 
which were obtained from serial optical sectional images, were skeletonized, and the skeletonized 
images were masked to eliminate the signals derived from neighboring protoplasts and the dot-
like callose signals (Figure 5). From the processed image data, the following metrics were 
measured; (1) total length of skeletonized cellulose fibrils (to evaluate the spread of the cellulose 
fibrils), (2) mean intensity of the skeletonized cellulose fibrils (to evaluate the brightness of 
Calcofluor siganls), (3) skewness of intensity distribution in the skeletonized cellulose fibrils (to 
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evaluate the extent of cellulose bundling), (4) prallelness (to evaluate the variation of cellulose 
fibrils orientation), and (5) average angle with respect to the long axis of the protoplast (to evaluate 
the orientation of cellulose fibrils). 
 Total length, an indicator of the geometric spread of cellulose fibrils regenerated on the 
protoplasts, increased during incubation (Figure 6a). Mean intensity, which reflects the brightness 
of Calcofluor signals, also increased (Figure 6b). These results are consistent with the visual 
impression as shown in Figure 4a. 
 Skewness of intensity distribution, which is used as an indicator of cytoskeletal bundling 
(Higaki et al., 2010), decreased during incubation (Figure 6c). To investigate the correlation 
between the progress of cell wall regeneration and change in skewness, the skewness value was 
plotted against the total length or mean intensity. Although total length showed little correlation 
with skewness (Figure 7a), mean intensity showed correlation with skewness (Figure 7b). This 
result suggests that skewness decreases depending on the increase in mean intensity. 
 To examine the relationship between protoplast elongation and cellulose orientation 
during incubation, I measured the parallelness (which represents the variance of cellulose 
orientation) and average angle (which represents cellulose orientation) in oval-shaped protoplasts. 
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In these protoplasts, both metrics decreased during incubation, particularly the mean angle 
decreased to as low as 45 degrees (Figure 6d, e). These results indicate that the orientation of 
cellulose fibrils diverge from transverse to random orientation in oval shaped protoplasts. 
Parallelness or average angle of cellulose fibrils was plotted against the aspect ratio of the cell, 
however, these parameters showed little correlation with each other (Figure 8), suggesting that the 




Verification of image analysis using drugs that affect microtubule organization 
 
To verify the biological significance of these metrics, I investigated the effects of Oryzalin 
(inhibitor of microtubule polymerization) and Taxol (microtubule-stabilizing agent) (Baskin et al., 
1994), on the regeneration of cellulose fibrils. To confirm the effects of these drugs on microtubule 
organization, I used protoplasts derived from UBQ10 :: GFP-TUB6 Arabidopsis thaliana line, 
which express β-tubulin 6 labeled with GFP (Nakamura et al., 2004). I confirmed that UBQ10 :: 
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GFP-TUB6 expressing protoplasts regenerated cell wall and elongated as well as wild-type 
protoplasts during 36-h incubation period in the absence of either drugs, and that cortical 
microtubules visualized by GFP-TUB6 partially overlapped with cellulose fibrils visualized by 
Calcofluor (Figure 9). 
 By Oryzalin treatment, GFP-TUB6-labbeld cortical microtubules disappeared 
immediately, confirming that the polymerization of microtubules was inhibited by this drug 
(Figure 10). Under this condition, Oryzalin inhibited the spread of cellulose fibrils during 18-h 
incubation period (Figure 11a). This inhibitory effect was confirmed by measuring the total length 
of skeletonized cellulose fibrils (Figure 11b). While, mean intensity was only slightly affected by 
Oryzalin treatment (Figure 11c). Skewness of intensity distribution decreased at 6 h incubation 
period in Oryzalin treatment (Figure 11d). Morphological change from spherical to the oval shape 
of protoplasts were also inhibited by Oryzalin treatment (Figure 11e). I also measured parallelness 
and average angle of oval-shaped protoplasts at 24-h incubation period. Whereas parallelness did 
not differ (Figure 11f), the average angle was significantly smaller in Oryzalin-treated protoplasts 
than the control (Figure 11g). This reduced average angle was attributed to a reduced population 
of oval-shaped protoplasts with higher average angle (60 – 90 degrees) in Oryzalin-treated 
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protoplasts versus the control (Figure 11h). 
 By Taxol treatment, bundled cortical microtubules appeared (Figure 10), and bundled 
cellulose fibrils were generated during cell wall regeneration (Figure 12a). Analysis of localization 
patterns between cellulose fibrils (Calcofluor) and cortical microtubules (GFP-TUB6) showed that 
bundled cortical microtubules predominantly colocalized with bundled cellulose fibrils (Figure 
12b). The increase in total length that occurred during cell wall regeneration (Figure 6a) was 
drastically reduced by Taxol treatment to 70.5% at 6 h, 40.8% at 12 h, 37% at 18 h respectively 
(Figure 12c). While, the mean intensity increased at 6 h by Taxol treatment, although it was only 
slightly different between control and Taxol treatment (Figure 12d). Skewness of intensity 
distribution, which decreased during a prolonged (36 h) incubation (Figure 6c), was higher in 
Taxol treatment than in control (Figure 12e), suggesting that the skewness of intensity distribution 
is a useful parameter for quantitative evaluation of bundling of cellulose fibrils, as shown 
previously in cytoskeletons (Higaki et al., 2010). 
 
 
Screening for factors affecting cell wall construction identified xxt1xxt2 and ctl1 
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Using the established method, I next performed a screening for factors affecting cell wall 
construction. I selected 27 candidate genes according to the following four criteria; (1) Genes 
involved in synthesis and organization of cell wall components, (2) Genes involved in remodeling 
of cell wall, (3) Genes encoding structural glycoproteins localized to the cell wall, and (4) Genes 
identified in proteome analysis during cell wall regeneration in protoplasts derived from 
Arabidopsis thaliana cultured cells (Kwon et al., 2005) (TableⅠ). Expression of these candidate 
genes in wild-type was confirmed by microarray analysis using Arabidopsis thaliana mesophyll 
protoplasts (Figure 13). Total length of cellulose fibrils regenerated from protoplasts derived from 
loss-of-function mutants was measured at 24-h incubation, and 12 mutants, whose total length 
values were significantly different from those of wild-type, were selected, and the same analysis 
was repeated once more. As a result, xyloglucan xylosyltransferase 1/2 (xxt1xxt2) and chitinase-
like 1 (ctl1) were identified as mutants with a reduced total length phenotype (Figure 14). 
glyceraldehyde-3-phospate dehydrogenase c-2 (gapc2) was also identified as the mutant with an 
enhanced total length phenotype, but this mutant line showed a reduced total length phenotype in 
the first screening and the validity was doubtful. Therefore, I did not focus on gapc2 in this study. 
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This result indicates that this method is useful for reverse genetic screening for factors required 
for efficient regeneration of cellulose fibrils. 
 
 
Detailed analysis of xxt1xxt2 and ctl1 
 
The Arabidopsis thaliana double mutant, xxt1xxt2 used in this study is known as xyloglucan 
deficient mutant (Cavalier et al., 2008). The ctl1 mutant contains a T-DNA insert at 5’UTR region 
(Figure 15a). These mutants have dwarf phenotype in 20-d-old plants compared to the wild-type 
(Figure 15b). I compared the construction patterns of cellulose network between wild-type and 
these two mutants using image data obtained for image analysis. No clear difference was observed 
in the visual pattern of cellulose fibrils between the wild-type and the mutants at the 12 h-
incubation, but some xxt1xxt2 protoplasts showed an unclear network pattern at the 24 h-
incubation (Figure 16). Protoplasts derived from the ctl1 did not have unclear cellulose network 
at 24 h-incubation, although the network did not cover the whole cell. This result suggests that the 
cellulose network pattern of xxt1xxt2 changes depending on the progress of incubation. 
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 The quantitative image analysis showed that the total length was lower in the xxt1xxt2 
and the ctl1 than in wild-type at both 12 h and 24 h incubation stage (Figure 17a). At 24 h 
incubation, the xxt1xxt2 and the ctl1 showed lower mean intensity than wild-type (Figure 17b). 
These results suggest that construction of cellulose network was delayed in the xxt1xxt2 and the 
ctl1 protoplasts and this was confirmed by image analysis. 
 At 12 h incubation, only the xxt1xxt2 mutant showed lower mean intensity than wild-
type (Figure 17b). Because Calcofluor stains not only cellulose but also xyloglucan, I investigated 
whether this difference was due to the presence of xyloglucans or not, by staining the protoplasts 
incubated for 12 h with LM15, an antibody specific to xyloglucan, and CBM3a, an antibody 
specific to crystalline cellulose. Signals for LM15 was not detected in the xxt1xxt2, but signals for 
LM15 and CBM3a were detected on the cell-wall regenerating protoplast surface and were well 
colocalized with each other in wild-type and the ctl1 (Figure 18a). Signal of JIM5, which is an 
antibody specific to pectin, colocalized with CBM3a signal in the xxt1xxt2 as well as in wild-type 
and in the ctl1 mutant (Figure 18b). These results suggest that xyloglucan and pectin are attached 
to cellulose fibrils regenerated from protoplast derived from wild-type and the ctl1 mutant and that 
xyloglucan is not contained in the cellulose fibrils of xxt1xxt2 protoplasts, and that this is the cause 
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of reduced mean intensity at 12-h incubation in xxt1xxt2 protoplasts. 
 The skewness of intensity distribution was high when the mean intensity was low (the 
xxt1xxt2 at 12 h and the xxt1xxt2 and the ctl1 at 24 h) (Figure 17c). Since the mean intensity and 
skewness of intensity distribution have a negative correlation (Figure 7b), this difference may 
reflect the difference in mean intensity rather than difference in bundling of cellulose fibrils. At 














In this study, I developed an improved procedure for high-resolution and quantitative imaging of 
cellulose fibrils regenerated from protoplasts. This new approach is characterized by three features. 
First, since nascent cell wall regeneration on protoplast is not optically obstructed by 
other pre-existing cell wall components (Anderson et al., 2010), this method allows the 
observation of nascent cellulose fibrils using conventional confocal laser scanning microscopy. 
This image resolution is sufficient to resolve the thin cellulose fibrils within each thick cellulose 
fibril, this is consistent with the result of AFM observation that cellulose microfibrils form a bundle 
(Zhang et al., 2016). 
Second, using image analysis, multiple features of cellulose fibrils can be measured from 
high-resolution image data: (1) the geometric spread of the cellulose fibrils, as represented by total 
length; (2) the total amount of deposited cellulose and/or xyloglucans, as represented by mean 
intensity; (3) bundling of cellulose fibrils, as represented by skewness of intensity distribution; (4) 
the variation in orientation of cellulose fibrils represented by parallelness; and (5) the orientation 
of cellulose fibrils against the major axis of the protoplast, as represented by average angle. This 
 38 
method allowed quantitative evaluation of cell wall regeneration process from protoplasts. 
Third, as this procedure is based on the use of protoplasts derived from rosette leaves of 
Arabidopsis thaliana, it can easily be adapted to screening for factors that might affect cellulose 
organization during cell wall construction. In addition, omics data for cell wall construction in 
protoplasts is available (Kwon et al., 2005, Chupeau et al., 2013). The combination of these 
approaches provides a novel opportunity to identify key factors that contribute to the construction 
and /or regulation of cellulose fibrils (Yokoyama et al., 2016). Indeed, two mutants, xxt1xxt2 and 
ctl1, that delayed the construction of cellulose fibrils were identified in this study. 
 
 
Actual state of the visualized network and its functions 
 
According to the recent AFM imaging using onion epidermal cells, native cellulose microfibril of 
land plants are about 3.5 nm in diameter (Zhang et al., 2016). Because of the diffraction limit of 
200 nm, it is impossible to visualize a single cellulose microfibril by fluorescence imaging. 
Therefore, the structure visualized by Calcofluor staining is considered to a bundle of cellulose 
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microfibrils (i.e., cellulose fibril). In this study, thin cellulose fibrils and thick cellulose fibrils were 
mixed. The bundling of cortical microtubules by Taxol caused the formation of excessively 
bundled cellulose fibrils. These results indicate that the cellulose fibrils are further bundled.  
 Cellulose synthesis was inhibited by depolymerization of cortical microtubules caused 
by Oryzalin, but the cellulose fibril structure was formed normally. This result suggest that cortical 
microtubules are not essential to form a minimal cellulose fibril. However, Oryzalin treatment also 
inhibited the morphological change of protoplasts. Therefore, cellulose fibrils formed depending 
on cortical microtubules appear to play an important role in the morphological change of 
protoplasts. This indicates the possibility that both of cellulose fibrils contributing to mechanical 
strength and cellulose fibrils not much contributing to mechanical strength are exist in the cell wall. 
This method will be useful to investigate the relationship between the structure of cellulose fibrils 
and the mechanical properties of cell walls. 
 
 
Total length as a measure of the spread of cellulose fibril deposition  
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Total length and mean intensity increased during the 36-h incubation. The increase in total length 
of cellulose fibrils was markedly reduced within 6 h after the de-polymerization of cortical 
microtubules by Oryzalin or stabilization by Taxol, whereas the mean intensity was not strongly 
affected by either drug. Given that cortical microtubules guide the insertion of cellulose synthase 
complexes into the plasma membrane, thereby directing the normal orientation of cellulose 
microfibrils (Crowell et al., 2009, Gutierrez et al., 2009), it is reasonable to conclude that 
disrupting microtubule organization with Oryzalin inhibited normal cellulose synthesis and failed 
to expand the cellulose fibrils. Stabilization of microtubules with Taxol led to excess bundling of 
cellulose fibrils, resulting in bundled rather than spread-out cellulose fibrils. Both situations were 
successfully detected by measuring total length of cellulose fibrils. Furthermore, screening for 
factors affecting the construction of cellulose fibrils using total length successfully identified two 




Skewness of intensity distribution as a measure of cellulose bundling status 
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Skewness, which represents an increase in the asymmetry of intensity distribution, has been used 
to evaluate the bundling of cytoskeleton (Higaki et al., 2010, Kimata et al., 2016). The results in 
this study indicate that the skewness decreases as cell wall regeneration proceeds, and this was 
due to the increase in mean intensity. The decrease in the skewness was inhibited when 
microtubules were stabilized and bundled by Taxol treatment. This result suggests that the extent 
of bundling of cellulose fibrils, which reflects the intensity distribution of the Calcofluor-stained 
network pattern, can be represented by the skewness of intensity. Thus, I conclude that skewness 
is a useful measure for quantitatively evaluating cellulose bundling status, although it is necessary 
to consider that skewness value is affected by mean intensity. Skewness could be used as a criterion 
for screening factors involved in the bundling of cellulose fibrils, which might include factors 
responsible for the regulation of the density of cellulose synthase complexes, factors responsible 
for the synthesis and modification of matrix polysaccharides adhering between cellulose 
microfibrils, and enzymes responsible for modifying cellulose-cellulose interactions, such as 




Quantification of cellulose orientation 
 
The decrease in both the parallelness and average angle during the 12- to 36-h incubation period 
indicates that cellulose fibrils become more randomly oriented as cell wall regeneration proceeds. 
Recently, Zhang et al. (2016) examined the nanoscale and mesoscale structures of the outer cell 
wall of onion scale epidermis using AFM and showed that cellulose microfibrils are oriented in 
parallel within a lamella but vary by 30 - 90°between adjacent lamellae, indicating that the wall 
has a crossed polylamellate structure. It is therefore plausible that the randomly oriented cellulose 
fibrils in the nascent wall surface of the protoplast may represent the process of formation of a 
crossed polylamellate structure. 
 The orientation of cellulose fibrils regenerated from protoplasts was measured in a 
previous study (Yoneda et al., 2007), but the long axis of the cell was not reflected in these 
measurements. In this study, I determined the angles between cellulose fibrils and the long axis in 
oval-shaped protoplasts and defined the average angle, which declined when the cortical 
microtubules were disrupted by Oryzalin. This Oryzalin-induced decline in the average angle was 
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accompanied by the inhibited elongation of protoplasts. These results are consistent with the 
widely accepted concept that plant cells expand or elongate in a direction perpendicular to the 
orientation of cellulose microfibrils, which are deposited in the same orientation as cortical 
microtubules (Somerville et al., 2004, Baskin, 2005, Paredez et al., 2006). Thus, average angle 
metrics can be used as an indicator of cell elongation. 
 
 
Screening for factors affecting construction of cellulose fibrils 
 
In this study, I screened factors affecting the construction of cellulose network by a reverse 
genetics approach. KORRIGAN, COBRA, KOBITO, CTL1, etc. are known as representative 
factors involved in synthesis and organization of cellulose (Li et al., 2014). In particular, korrigan, 
cobra, and kobito show extremely dwarf phenotype (Nicol et al., 1998, Pagant et al., 2002, Roudier 
et al., 2005), therefore I could not analyze these mutants because a certain amount of rosette leaves 
is required to isolate protoplasts in this study. However, since ctl1 showed a mild dwarf phenotype, 
it could be used as a candidate gene. Among the candidate genes, KORRIGAN 2 (KOR2), a 
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member of KORRIGAN gene family, and COBRA-LIKE 2 (COBL2), a member of COBRA-LIKE 
gene family, were included. However, deficiency of these genes did not lead to inhibition of 
cellulose network construction. This might be due to the redundancy of KORRIGAN or COBRA. 
On the other hand, CTL2 which is a homologue of CTL1 was not expressed in cell wall 
regeneration process in Arabidopsis thaliana mesophyll protoplasts (Figure 13). This result is 
consistent with the result that the single deficient of CTL1 affected the construction of cellulose 
network. 
 Since xyloglucans bind to cellulose microfibrils by hydrogen bonding, xyloglucan 
endotransglucosylase/hydrolase (XTHs), which is responsible for split and reconnecting 
xyloglucans, was expected to affect the state of cellulose microfibrils and cellulose fibrils (Carpita 
and Gibeaut, 1993, Rose et al., 2002). The candidate gene list contained xth24 and xth27xth28, but 
these mutants showed no significant difference in the measurement of total length. In Arabidopsis 
thaliana, XTHs are encoded by multi-gene families (Rose et al., 2002), and thus genetic 
redundancy of XTHs might account for the lack of phenotype. AtXTH11 has been identified by 
the proteome analysis of proteins secreted into apoplast during cell wall regeneration using 
protoplasts derived from Arabidopsis suspension cultured cells (Kwon et al., 2005). AtXTH11 
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belongs to an ancestral group among XTH gene families (Baumann et al., 2007), and AtXTH3 
belonging to the same subfamily as AtXTH11 has cellulose endotransglucosylase activity that 
connects cellulose and cello-oligosaccharide (Shinohara et al., 2017). Therefore, AtXTH11 might 
contribute to cell wall regeneration process from protoplast via cellulose endotransglucosylase 
activity. T-DNA insertion mutant of AtXTH11 was not obtained from SALK institute, therefore I 
could not examine the functions of AtXTH11 in this study. In the future, analysis of XTH11 may 
reveal a novel role of XTHs. 
 There are hydroxyproline-rich glycoproteins such as extensins and arabinogalactan 
proteins in the cell wall, and these proteins play a wide range of functions such as cell wall 
architecture and cell expansion (Jauh and Lord, 1996, Hall and Cannon, 2002, Lamport et al., 
2011). Therefore, hydroxyproline-rich glycoproteins may work in the cell wall regeneration from 
protoplasts, although these proteins were not identified in the screening of this study. Single mutant 
of root-shoot-hypocotyl-defective/extensin 3 shows lethal phenotype and essential for normal cell 
plate formation (Hall and Cannon, 2002). This implies that there are hydroxyproline-rich 
glycoproteins with a specific function. Therefore, there might be hydroxyproline-rich 
glycoproteins with functions specialized for cell wall construction on the cell surface among the 
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proteins not selected in this screening. 
 
 
Delay of cellulose fibril construction in xxt1xxt2 and ctl1 
 
The result of screening for factors involved in construction of cellulose network based on the 
measurement of total length, which is a measurement of the spread of cellulose fibril deposition, 
the xxt1xxt2 and the ctl1 were identified as mutants with a reduced total length. The xxt1xxt2 is 
known as the xyloglucan non-detectable mutant (Cavalier et al., 2008). I have also confirmed that 
xyloglucan was not detectable by immunohistochemistry in the xxt1xxt2 mutant line used in the 
present study. It is unclear how the deficiency of xyloglucan affects the construction of cellulose 
fibrils, but it has been reported that the xxt1xxt2 plant already shows a dwarf phenotype and that 
the density and motility of cellulose synthase complexes are reduced (Xiao et al., 2016). Therefore, 
such physiological features may be preserved in protoplasts derived from xxt1xxt2 and may 
affected the construction efficiency of cellulose fibrils. CTL1 is thought to regulate cellulose 
assembly, but the detailed molecular mechanisms are not clear yet (Sanchez-Rodriguez et al., 
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2012). It is known that the ctl1 also shows the reduced motility of cellulose synthase complexes 
as well as the xxt1xxt2. This is probably the cause of decrease in cellulose fibril construction 
efficiency in the ctl1 protoplasts. It is not known why the deficiency of these genes affects the 
motility of cellulose synthase complexes. In the future, further analysis using this method which 
can directly visualize the de novo construction of cellulose fibrils will shed light on these questions. 
 
 
Blurring network structure in xxt1xxt2 
Cellulose network regenerated from the xxt1xxt2 protoplasts maintained clear fibril structure at 12 
h-incubation, but blurring cellulose network was observed at 24 h-incubation. This indicates the 
possibility that the cellulose fibril structure collapsed as the incubation proceeded. The cell wall 
of the xxt1xxt2 had a reduced mechanical strength as compared to that of wild-type (Cavalier et 
al., 2008). This might be due to the collapse of the cellulose fibril structures, which ordinarily 
contribute to mechanical strength in the wild-type cell wall. Xyloglucans might reinforce cellulose 
fibril structure by physically adhering cellulose microfibrils. Since xyloglucan deficiency is 
reported to disrupts microtubule stability (Xiao et al., 2016), destabilization of microtubules might 
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lead to the formation of weak cellulose fibrils. In any case, it is likely that the cellulose fibrils 
lacking xyloglucans are easily broken because they could not withstand the turgor pressure 
generated by cell expansion (Figure 19). The visual difference of constructed cellulose network 
pattern in root and etiolated hypocotyl between wild-type and the xxt1xxt2 might reflects the result 
of collapse of cellulose fibrils (Anderson et al., 2010, Xiao et al., 2016) Further analysis using this 
approach based on the cell wall regeneration from protoplasts will reveal the biological function 
of xyloglucan in determining the mechanical properties of the cell wall in which cellulose fibrils 





In order to investigate the functions of xyloglucans and the CTL1 in detail, it is required to observe 
cellulose microfibrils and cellulose fibrils on nm scale. To achieve this purpose, it is required to 
adopt the methods other than fluorescence imaging. Recently, AFM imaging of native cellulose 
network has been performed using cell wall fragments striped from onion epidermal cells (Zhang 
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et al., 2014, Zhang et al., 2016, Zhang et al., 2017). In addition, high-speed AFM enables real time 
imaging of various proteins (Kodera et al., 2010, Igarashi et al., 2011, Shibata et al., 2017). The 
feature of this protoplast-based approach is to directly visualize the surface of plasma membrane 
on which nascent cell wall is being regenerated in intact state. If high-speed AFM imaging 
technique could be applicable to this approach, it might be possible to directly visualize not only 
the bundling process of cellulose microfibrils, but also the crystallization process of β-1,4-glucans 
for microfibril formation, together with the dynamics of cellulose synthase complexes. Application 
to high-resolution imaging on nanometer scale would shed light on the elucidation of detailed 
molecular mechanisms of cell wall network construction. 
 The method established in this study is not easy to apply to the plants showing lethal or 
extremely dwarf phenotypes. However, transient overexpression and knockdown by RNAi are 
available for protoplasts (Yoo et al., 2007, Zhai et al., 2009). By adopting these technique for cell 
wall regeneration experiments, functional analysis of important factors in the cell wall construction 
process will be possible. Analysis of cell wall regeneration process from Arabidopsis thaliana 
protoplasts provided a unique opportunity to observe the newly constructing cellulose fibrils. In 
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TableⅠ. List of mutants selected for the screening of factors affecting cell wall construction 
 
 AGI code   mutant name Stock name 
 
At1g65610  kor2  SALK_006954C 
At3g29810  cobl2  SALK_044883 
At3g15380  ctl1  SALK_093049C 
At4g26690  shv3  SALK_024208 
At2g22125  csi1  SALK_047252C 
At5g16910  csld2  SALK_119808C 
At3g03050  csld3  SALK_112105 
At1g55850  csle1  SALK_011984C 
At4g24000  cslg2  SALK_007425 
At3g62720/At4g02500 xxt1/xxt2  SAIL_785-E02/SALK_101308a 
 At2g20370  mur3  -b 
At4g30270  xth24  SALK_005941 
 At2g01850/At1g14720 xth27/xth28 SALK_094478/SALK_069319 
At4g13340  lrx3  SALK_094400C 
At1g23040  ext31  SALK_073423C 
At5g64310  agp1  SALK_125386C 
 At5g64310/At2g22470 agp1/agp2 SALK_125386C/SALK_025730C 
At5g24090  chia  SALK_095362C 
At2g02990  rns1  SALK_087165C 
At2g04160  air3  SALK_125788C 
At3g04120  gapc1  SALK_044604C 
At1g13440  gapc2  SALK_016539C 
At1g04410  c-nad-mdh1 SALK_021840C 
At1g03230  no name  SALK_067885C 
At1g21670  no name  SALK_142785C 
At3g15356  no name  SALK_010308C 
 At5g20950  no name  SALK_058396C 
(1) Genes involved in synthesis and organization of cell wall components, (2) Genes involved in 






Genes identified in proteome analysis during cell wall regeneration in protoplasts derived from 
























































Figure1. Network models of primary cell wall in land plants. 
(a) Tethered-network model; Cellulose microfibrils are crosslinked by xyloglucans and the gaps 
are embedded by pectins. 
(b) Biomechanical hot-spots model; xyloglucans are closely intertwined with cellulose at limited 








Figure 2. Calcofluor, aniline blue, and S4B stainging of nascent cell wall which was 
regenerated from protoplasts derived from mesophyll cells of Arabidopsis thaliana rosette 
leaves. 
Protoplasts were incubated for 24 h and stained with Calcofluor (left), aniline blue (center), or 
pontamine fast scarlet 4BS (S4B) (right). Maximum intensity projection images ranging from the 
top to the middle of the protoplast were obtained. Auto fluorescence of chrolophylls was contained 
in the image of S4B staining. Arrowheads indicate presumably the callose (β-1,3-glucans) signals. 


















Figure 3. The effects of isoxaben treatment on cell wall regeneration. 
Protoplasts were incubated in the absence (left) or presence (right) of isoxaben for 24 h, followed 
by stained with Calcofluor. Bright field images (top) and confocal images of Calcofluor 







Figure 4. Time-course images of cell wall regeneration and morphological changes in 
protoplasts. 
Time course images of cell wall regeneration in protoplasts. Protoplasts were incubated for 0, 12, 
24, 36 h and stained with Calcofluor. Stained cells were observed under a bright field microscope 
(top) or a confocal laser scanning microscope (bottom). Magnified image of the cell wall in the 
protoplast incubated for 36 h was shown (right). Arrowheads indicate bundles of cellulose fibrils. 
(b, c) Shapes of protoplasts observed under a bright field (top) or confocal laser scanning 
microscope (bottom) (b). Population (%) of protoplasts morphologically changed to each shapes 
















































Figure 5. Workflow of image processing steps for obtaining the images to use in the 


























Figure 6. Time course of changes in cellulose configuration metrics during cell wall 
regeneration in protoplasts. 
(a-c) Protoplasts were incubated for 12, 24, 36 h, and total length (a), mean intensity (b), and 
skewness of intensity distribution (c) of cellulose fibrils were measured from masked skeletonized 
images. (d, e) Protoplasts were incubated for 12, 24, 36 h, and parallelness (d) and average angle 
(e) of cellulose fibrils in oval-shaped protoplasts were measured from masked skeletonized images. 































































































































Figure 7. Correlation between total length or mean intensity and skewness of intensity 
distribution of regenerated cellulose fibrils. 
Protoplasts were incubated for 12, 24, 36 h, and scatter plot of skewness versus total length (top) 
or mean intensity (bottom) of regenerated cellulose fibrils were drawn. The sample data obtained 
for measurement of skewness (Figure 6c) was used. n ≥ 131. 
R² = 0.23188 




















R² = 0.03665 
R² = 0.04496 























Figure 8. Correlation between parallelness or average angle of cellulose fibrils and aspect 
ratio of protoplasts. 
Protoplasts were incubated for 12, 24, 36 h, and scatter plot of parallelness (top) or average angle 
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Figure 9. Time course of cell wall regeneration and cortical microtubules organization in 
UBQ10::GFP-TUB6 expressing protoplasts in the absence of Oryzalin or Taxol. 
UBQ10::GFP-TUB6 expressing protoplasts were incubated for 0, 12, 24, or 36 h (left to right) and 
stained with Calcofluor. Fluorescent images of Calcofluor (top) and GFP-β-tubulin 6 (middle) 












Figure 10. The state of microtubules in protoplasts regenerating cell wall. 
UBQ10::GFP-TUB6 expressing protoplasts were incubated for 0, 3, 6, or 9 h (left to right) in the 
presence of Oryzalin (middle), in the presence of Taxol (bottom), or in the absence of either drugs 













Figure 11. Effects of Oryzalin treatment on cell wall regeneration and cell shape. 
(a) Representative images of cellulose fibrils in protoplasts incubated for 6, 12, or 18 h in the 
presence or absence of Oryzalin. After the incubation, protoplasts were stained with Calcofluor. 




















































































































































fibrils regenerated from protoplasts incubated for 6, 12, or 18 h in the presence or absence of 
Oryzalin. (e) Changes in the population of protoplasts with three different shapes during incubation 
for 6, 12, or 18 h in the presence or absence of Oryzalin. (f, g) Protoplasts were incubated for 24-
h, and Parallelness (f) and average angle (g) of cellulose fibrils with respect to the long axis of 
oval-shaped protoplasts were measured in the presence or absence of Oryzalin. (h) 24-h incubated 
oval-shaped protoplasts were classified according to the average angle (0 - 29°, 30 - 59°, 60 - 90°), 
and individual population were shown. Scale bar = 20 µm. Significance was determined by Mann-




























Figure 12. Effects of Taxol treatment on cell wall regeneration. 
(a) Representative images of cellulose fibrils in protoplasts incubated for 6, 12, or 18 h in the 
presence or absence of Taxol. After the incubation, protoplasts were stained with Calcofluor. (b) 
12-h incubated UBQ10 :: GFP-TUB6 expressing protoplasts were stained with Calcolfuor, and 
compared the localization patterns of Calcofluor and GFP-TUB6 between the presence (bottome) 
and absence (top) of Taxol. (c - e) Total length (c), mean intensity (d), and skewness of intensity 
distribution (e) of cellulose fibrils regenerated from protoplasts incubated for 6, 12, or 18 h in the 
presence or absence of Taxol. Scale bar = 20 µm. Significance was determined by Mann-Whitney 










































































































Figure 13. The expression level of candidate genes at 0 and 12 h during protoplasts 
incubation. 
Microarray analysis during incubation of Arabidopsis thaliana mesophyll protoplasts was 
performed. (a) Normalized expression level of candidate genes in 0 h-incubated protoplasts. (b) 
Normalized expression level of candidate genes in 12 h-incubated protoplasts. CTL2 was used as 




















Figure 14. Screening for factors affecting cell wall construction. 
The total length of cellulose fibrils regenerated from protoplasts derived from wild-type and loss-
of-function mutants was measured at 24-h incubation. Significance was determined by Mann-









































Figure 15. Insertion site in xxt1xxt2 and ctl1, and phenotype of these mutants. 
(a) Models of XXT1, XXT2 and CTL1 genes. Black lines represent noncoding regions and introns. 
Gray boxes represent coding regions. White boxes represent 5’UTR or 3’UTR regions. T-DNA 
insertion site is indicated by triangles. 






























Figure 16. Representative images of regenerated cellulose network in wild-type, xxt1xxt2, 
and ctl1 protoplasts. 
Protoplasts derived from wild-type, xxt1xxt2, and ctl1 mesophyll cells were incubated for 12 and 
24 h, and stained with Calcofluor. A representative image was obtained from 150 images. Scale 
































Figure 17. Quantification of cellulose network construction process in wild-type, xxt1xxt2, 
and ctl1. 
Protoplasts derived from wild-type, xxt1xxt2, and ctl1 were incubated for 12 or 24 h, and total 
length (a), mean intensity (b), and skewness of intensity distribution (c) of cellulose fibrils were 
measured from masked skeletonized images. Significance was determined by Mann-Whitney test. 






























Figure 18. Immunofluorescent labeling of cell wall components in wild-type, xxt1xxt2, and 
ctl1. 
Protoplasts derived from wild-type (top), xxt1xxt2 (middle), and ctl1 (bottom) were incubated for 
12 h and immunohistochemistry was performed using LM15 antibody for xyloglucan staining (a, 
left) and JIM5 antibody for pectin staining (b, left). CBM3a, antibody specific to crystalline 
cellulose, was used to visualize the cellulose fibrils (a and b, center). Merge images of CBM3a 























Figure 19. The estimated cellulose network construction process in wild-type, xxt1xxt2, and 
ctl1 protoplasts. 
In wild-type, cellulose fibrils adhering xyloglucans are formed, and a crossed polylamellate 
structure is constructed. In the xxt1xxt2, cellulose fibrils lacking xyloglucan are formed slowly 
compared to wild-type. These cellulose fibrils are physically weak and break as incubation 
proceeds. In the ctl1, cellulose fibrils adhering xyloglucans are formed slowly compared to wild-
type. 
